Background: Smooth muscle fibers can be stimulated with an electrical field, high potassium or carbachol. We studied the effect of combined, supramaximal stimulation on the isometric force and the maximum shortening velocity of the pig urinary bladder. Materials and Methods: After determining the dose response curve of each stimulation type, we stimulated 8 fibers with cumulative addition of supramaximal stimuli. Results: The isometric force elicited with either potassium, carbachol or electrical field stimulation alone was the same for each stimulus. After addition of a second or third different supramaximal stimulus, the force further increased to a value that was on average 40% higher. Conclusions: Carbachol, high potassium or electrical field stimulation work through different stimulation pathways. Maximum stimulation with one of the stimuli does not result in a maximum isometric force development and maximum shortening velocity.
Introduction
In smooth muscle fibers of the urinary bladder, both the isometric force and the maximum shortening velocity depend on the intracellular calcium concentration [1] . This concentration can be increased by opening calcium channels in the cell membrane to enable influx of extracellular calcium or by releasing intracellularly stored calcium. Three different stimulation methods are frequently used: high potassium, electrical field and muscarinic receptor stimulation. High potassium and electrical field stimulation mainly depolarize the cell membrane and thereby open voltage-dependent calcium channels. They may also stimulate the nerves to release acetylcholine. Stimulation of the muscarinic receptors with carbachol or acetylcholine causes release of calcium from intracellular stores and the opening of receptor-bound calcium channels in the cell membrane. Carbachol and acetylcholine may also change the sensitivity of the contractile apparatus for calcium [2, 3] .
When vascular smooth muscle fibers are stimulated with a combination of supramaximal concentrations of potassium and epinephrine, the calcium concentration in the cell is higher compared to application of one stimulus alone [4] [5] [6] . This may indicate that in this muscle type high potassium does not fully activate the muscle fiber. In the course of a previous study [7] , we found that a combined stimulation with supramaximal concentrations of two different stimuli resulted in a higher force generation compared to application of one of these stimuli alone. In this study, we tested whether stimuli in supramaximal concentrations resulted in a maximum force development and a maximum shortening velocity of smooth muscle fibers of the pig urinary bladder.
Methods

Tissue Preparation and Incubation
Urinary bladders of freshly killed pigs were obtained from the local slaughterhouse. Strips of 2 ! 2 cm were cut from the anterolateral bladder wall and were transported and kept in oxygenated Krebs' solution (NaCl 118 mM; KCl 4.7 mM; NaHCO 3 25 mM; KH 2 PO 4 1.2 mM; CaCl 2 1.8 mM; MgSO 4 1.2 mM; glucose 11 mM; pH 7.4). The strips were stored at 4°C and used for 2 consecutive days. Longitudinal muscle fibers of about 5 ! 0.2 mm were cut from the bladder wall under a binocular microscope. The fibers were transferred to an organ bath containing 0.3 ml Krebs' solution, which was refreshed at a rate of 0.8 ml/h. The fibers were clamped between two pairs of tweezers, one linked to a KG3 force transducer connected to a BAM3 amplifier (Scientific Instruments ® , Heidelberg, Germany). The other pair of tweezers was attached to a length controller [7, 8] which could shorten the muscle fibers at a constant velocity to a preset stop length and later re-stretch them to the pre-shortening length. The measurements were controlled using a computer equipped with a PCL818 A/D converter card driven by locally developed multichannel data acquisition and measurement control software (MKR). Temperature was kept at 37.5 B 0.5°C using a 200-Ìm diameter thermocouple (Omega ® ) controlling a halogen lamp (Philips ® , 12 V, 20 W, 6°, type 6483).
Twenty minutes after mounting the fibers, the slack length (l s ), the minimum length at which a passive force changes (B 100 ÌN) in response to a slight change in length (B 10 Ìm) was visible, was determined. Next the fiber was stretched to its measurement length, which was 1.5-2 times the slack length. After an equilibrium period of 10 min, the first measurement was made. Between two measurements, a resting period of at least 10 min was allowed. The measurements were stored in the computer and later analyzed with the help of the computer programs MKR and Matlab ® .
Stimulation Types
The fibers were stimulated with an electrical field (EFS), carbachol (CCh) or high potassium (K + ). For each stimulation type, doseresponse curves were made to find the supramaximal dose. For each dose-response curve, five fibers were used. Before each measurement series and after every two measurements a fixed stimulus was applied to serve as a reference. The force responses to experimental stimulus applications were divided by the average force response to the two nearest reference stimulus applications, to normalize the responses and to correct them for time-induced changes in contractility. A schematic drawing of the organ bath. The fiber was clamped between two pairs of tweezers, one connected to a force transducer and the other to a length controller. The groove containing the fiber was filled with Krebs' solution that was continuously refreshed. The temperature was kept constant at 37°C using a temperature sensor and an infrared light. The fiber was electrically stimulated via two platinum electrodes. The CCh and K + solutions were brought into the organ bath by means of an injection needle.
The muscle fibers were electrically stimulated with a field generated by applying alternating biphasic pulses to two platinum electrodes at both ends of the preparation ( fig. 1 ). The dependence of the force on both the repetition rate and the amplitude was tested. The repetition rate (f ) was varied between 50 and 2,000 Hz while the amplitude was fixed at 6 V; the duration of the stimulus pulses was set at 1 divided by 2 times the repetition rate (1/2 f ). The reference response was measured at a repetition rate of 100 Hz and a duration of 5 ms. The effect of the amplitude was tested for amplitudes between 2 and 12 V with a repetition rate of 500 Hz. For this series, stimulation with 6 V and 500 Hz was used as a reference.
For muscarinic stimulation the Krebs' solution was instantaneously replaced by a Krebs' solution containing CCh in a concentration varying between 0.6 W 10 -3 and 1.4 mM. A reference concentration of 0.14 mM CCh was used. A high K + solution was made by replacing all the sodium in the Krebs' by K + (119 mM K + ). This was used as the reference concentration for the dose-response curve of K + . For lower doses of K + only a part of the sodium in the normal Krebs' solution was replaced (concentration ranged between 12.8 and 119 mM K + ). For stimulation, the Krebs' in the organ bath was replaced by the test solution with high K + within a second. The stimuli were washed out of the organ bath after each measurement.
After determining the concentration of each stimulus needed to get a maximal force response, which was called the supramaximal concentration, 8 fibers were stimulated with all three supramaximal stimuli, which were 8 V and 500 Hz for EFS, 119 mM for K + and Minekus/Visser/van Mastrigt An example of a force velocity measurement using the stop test technique. At t 1 the stimulation started, the total force (WWW W W W) rose to a maximum value, while the passive force (---) remained constant. The active force (----) is defined as the total force minus the passive force. The shortening started at t 2 and both total and passive force dropped. At t 3 the shortening stopped; the active force at t 3 is the force during shortening at the stop length (F short ). Subsequently the total force rose to a new maximum value (F rec ) at t 4 .
1.4 mM for CCh. The fibers were first stimulated with one of the three stimuli alone until a maximum force was reached, then a second stimulus was applied. When a new maximum force was reached, the third stimulus was added. Each fiber was stimulated in all six orders of application. The time needed to reach a maximum force varied between 10 and 25 s and depended on the muscle fiber, the stretched fiber length and the contraction history. The passive force measured just before application of a stimulus was subtracted from the total maximum force attained to calculate the active force response. These values were called the isometric forces. As a reference value, the force in response to EFS with 8 V and 500 Hz was used.
Force Velocity Relation
The maximum shortening velocity was measured using a stop test method [7] . Five fibers were shortened from a variable start length to a fixed stop length at a pre-set velocity maintained for 2 s (fig. 2) . Each measurement was done twice, first without and the second time with stimulation. By subtracting the measurement without stimulation from the measurement with stimulation, the active force response was calculated. The active force during shortening at the stop length was divided by the maximum active force attained after the shortening was stopped and was called the relative force. It depended on the shortening velocity according to a Hill curve [9] . Using this curve, the maximum shortening velocity was calculated. This value was normalized by dividing it by the slack length. For each fiber four maximum shortening velocity values were determined, evoked with either CCh and K + stimulation alone or with CCh-EFS and K + -EFS. The four velocities were compared with each other and with the maximum shortening velocity measured with EFS in an earlier study [7] .
Statistical Analysis
Values are expressed as mean B the standard error of the mean. Using a t test measurements in different fibers were compared. The dependence of force on stimulus intensity was tested using an ANOVA test. When a difference was found, the paired t test was used to compare all measurements in the same muscle fiber. A p value of ! 0.05 was considered to be significant.
Results
Dose Response Curves
The isometric force did not depend on the repetition rate of the EFS ( fig. 3a ; ANOVA, p = 0.193). It increased with increasing amplitude of the EFS ( fig. 3b ; ANOVA, p ! 0.001) until a plateau was reached at a voltage of 8 V. The response to any tested voltage higher than the threshold value of 8 V did not significantly differ from the response to 8-V stimulation nor were there differences between responses to voltages above 8 V (paired t test, p ! 0.05). Furthermore, the responses to stimulation with voltages lower than 8 V were significantly lower than the response to 8 V (paired t test, p ! 0.05). By increasing the concentration of CCh or K + , the isometric force also increased until a force plateau was reached ( fig. 3c, d ; ANOVA, p ! 0.001) for both stimuli at threshold concentrations of 0.14 mM CCh and 95.4 mM K + , respectively (paired t tests were done as for the voltage). For further measurements an EFS of 8 V and 500 Hz, a CCh concentration of 1.4 mM and a high K + solution of 119 mM were used.
Cumulative Stimuli
We did not find any difference between the fibers measured on the 1st or 2nd day (t test, data not shown). The muscle fibers (n = 8) were stimulated with one of the three stimuli, CCh, high K + or EFS, until a maximum force was reached. The force responses to all three stimuli were normalized by dividing them by the response to an EFS of 8 V and 500 Hz and caused an equal force increase ( fig. 4 ; ANOVA, p = 0.492). When a maximum force was Fig. 3 . Dose-response curves. a The dependence of the isometric force (Fiso) on the repetition rate of the stimulus. The amplitude was fixed at 6 V and the reference EFS was 100 Hz and 6 V. b The voltage dependence of the isometric force with a reference EFS of 500 Hz and 6 V. c The dependence of the isometric force on CCh. As a reference concentration 0.14 mM CCh was used. d The isometric force dependence on the K + concentration is shown and had a reference concentration of 119 mM K + . The differences were tested with a paired t test. * Indicates when addition of a second or third stimulus resulted in a significantly higher force value than the force evoked by only the first stimulus (p ! 0.05). + Indicates when the force evoked by the combination of the first two stimuli significantly increased after adding the third stimulus (p ! 0.05). reached, a second stimulus was added and the force further increased to a new maximum value. This second values was singificantl higher than the first one for each combination of stimuli (paired t test, p ! 0.05) and independent of the order of application and the combination of the stimuli ( fig. 4 ; ANOVA, p = 0.257). The response to a combined stimulus was in each case smaller than the sum of the responses to the two stimuli separately ( fig. 5 ). When the isometric force value leveled off, a third stimulus was added and the force further increased to a new maximum value. This third isometric force value did not depend on the order of stimuli applied (ANOVA, p = 0.662) and was lower than the summation of the three stimuli separately and also lower than the summation of the response to two combined stimuli and the third stimulus ( fig. 4, 5 ; paired t test, p ! 0.05).
Force Velocity Relation
Five fibers were shortened at two different velocities from a start length to a fixed stop length ( fig. 2) . The relative force, the force at the stop-length during shortening divided by the maximum force at that length, depended on the shortening velocity ( fig. 6 ). At both velocities the relative forces were the same when the preparation was stimulated with K + alone, or CCh-EFS, or K + -EFS. When the strip was stimulated with CCh alone, the relative force was lower (paired t test, p ! 0.05). As a result, the maximum shortening velocity measured with CCh alone was lower than that measured with K + alone, or with CCh-EFS and K + -EFS combined ( fig. 7) . The results were also compared with the maximum shortening velocity measured with EFS in a previous study [7] . The mean value of the maximum shortening velocity measured with EFS only differed from the one measured with K + -EFS (t test, p ! 0.05). The maximum shortening velocity evoked by EFS was measured in a previous study (n = 15) [7] . CCh differs significantly from K + , EFS-K + and CCh-EFS ( + paired t test, p ! 0.05) and EFS differs significantly from EFS-K + (* t test, p = 0.015).
Discussion
Carbachol, high potassium and electrical field stimulation are frequently used to evoke contractions of smooth muscle preparations. We tested whether concentrations, which are considered to be supramaximal, resulted in a maximum force development. We found in smooth muscle of the pig detrusor that none of the three supramaximal stimuli resulted in development of the maximum isometric force of that muscle. Addition of a second or even a third different supramaximal stimulus further increased the isometric force. We proved that each of our stimuli are supramaximal by measuring the dose-response curves, which were comparable to other such curves in the literature -EFS [10, 11] , and CCh and K + [12, 13] . It was shown earlier [14] that CCh, in doses which were too low to initiate a contraction, increased electrical field evoked submaximal contractions. That a combination of two supramaximal stimuli results in a higher isometric force has, to our knowledge, not been published before.
High K + depolarizes the cell membrane, which results in the opening of voltage-dependent calcium channels and a subsequent rise in intracellular calcium [2, 3] . For vascular smooth muscles it has been observed that the increase in free intracellular calcium in response to epinephrine and K + stimulation was additive [2, 4, 5] . In these studies, the isometric force was not measured, so that we cannot assert whether the force response to K + was maximal. However, the published results give evidence that K + stimulation does not result in a maximum free intracellular Ca 2+ concentration. As the developed isometric force depends, within a certain range, on the Ca 2+ concentration in the muscle cell [1] , it is likely that K + stimulation does not completely activate the smooth muscle fiber.
Just like K + , EFS is expected to activate the muscle fiber by depolarizing the cell membrane. Indeed, the responses to both stimuli alone were comparable. Surprisingly, the addition of supramaximal EFS to supramaximal K + stimulation increased the isometric force. It seems inevitable to conclude that both EFS and K + partly address different calcium sources or open different populations of calcium channels. Alternatively, it is possible that in our preparation neither of these stimuli activated all cells. However, it should be kept in mind that our preparations were very small. We therefore assume that all cells were activated. If the effect of incomplete stimulation did occur, it would almost certainly also effect other preparations in other studies.
CCh binds to the muscarinic receptors in the cell membrane. This results in the release of intracellular calcium through second-messenger pathways. CCh might also effect the calcium sensitivity of the contractile elements [2, 3] . CCh thus activates the cell differently from K + or EFS. Therefore, a combined stimulation of CCh with EFS or K + can increase the intracellular free calcium concentration or the same amount of intracellular calcium can result in a larger isometric force. This explanation implies that neither intracellular calcium release nor extracellular calcium influx results in a maximum contraction in the muscle cells. Again, the alternative explanation is that none of the stimuli reached all muscle cells. If K + and CCh do not reach all cells, this might be caused by an insufficient diffusion into the fibers. In that case we expect that, although both stimuli act differently on the cell, they reach the same cells.
The maximum shortening velocity in response to CCh stimulation was slightly lower than the one in response to K + alone, CCh-EFS or K + -EFS. The maximum shortening velocity of the fiber depends on the intracellular calcium concentration [15, 16] . As CCh increases not only the calcium concentration in the cell, but also the sensitivity of the sarcomeres for calcium [2, 3] , less calcium is needed to attain the same force value as with EFS or K + . Our results could therefore be explained by assuming that CCh stimu-lation changes the relationship between the intracellular calcium concentration and the isometric force, but not the one between the calcium concentration and the maximum shortening velocity. K + and EFS are both expected to evoke a contraction solely by increasing the intracellular calcium concentration. Because their isometric forces are the same, it can be assumed that their intracellular calcium concentrations are also the same, therefore the same maximum shortening velocity is expected. Indeed we found that the maximum shortening velocity of EFS did not differ from the one reached with K + . However, there was also no difference with the one in response to CCh application. The maximum shortening velocity evoked by EFS was measured in different fibers than the other maximum shortening velocities though. There was a large difference in maximum shortening velocity values between fibers [7] , which might explain these results. It may also be that the different stimulation types have different effects on the sarcomere kinetics, but we are not able to make this conclusion from our data.
